A combined experimental and computational study is reported on a hitherto unrecognised single lanthanide catalyst for the breaking of molecular nitrogen and formation of ammonia at ambient temperature and low pressure. We combine in situ electrical conductance and electron diraction measurements to track the conversion from the lanthanide metals to the insulating lanthanide nitrides. The eciency of the conversion is then interpreted using DFT+U calculations, suggesting a molecular nitrogen dissociation pathway separate from that well-established for transition metals. 1 Finally, we show that exposure of the lanthanide surfaces to both molecular nitrogen and hydrogen results in the formation of ammonia.
Introduction
Conversion of molecular nitrogen (N 2 ) into more useful forms, i.e. nitrogen xation, is a challenge of paramount scientic and urgent industrial importance. 13 Industrially, this takes place in the Haber-Bosch process, in which high temperatures (∼400 • C) and pressures (∼200 bar) are required to cleave the N 2 bond and form ammonia (NH 3 ) at an appreciable rate and yield. This energy-and infrastructure-intensive process currently accounts for around 2% of the global annual energy consumption.
3,4 Therefore many research paths are being followed for practical realisation of synthesis of NH 3 under milder conditions, close to ambient temperatures and pressures.
While facile cleavage of the strong N-N bond is an obvious requirement for low-energy NH 3 synthesis, after hydrogenation the catalyst also needs to be able to easily release the subsequent intermediate NH x species and the nal NH 3 . These dual requirements are dicult to obtain on traditional transition metal (TM) catalysts due to the existence of linear scaling relations between the activation energy for N 2 dissociation and the adsorption energy of NH x species. This gives rise to the so-called volcano plots, 5 where the optimum catalyst shows a balance between these two requirements. While the volcano plot has been useful in explaining and optimising catalysts, importantly it places a fundamental limit on the maximum activity of traditional catalysts such that practical rates are only achievable at high temperatures and pressures.
6
There have been a number of attempts to break the scaling relations in heterogeneous catalysis, including using plasma to vibrationally excite the N 2 , 6 harnessing the energy from surface-plasmons, 7 the insertion of a second catalytic site to remove activated N atoms 8 and selective design of active sites to change the preferred binding congurations of interme-diates.
9 While some success has been observed, such approaches often results in catalysts with complex chemistry: multi-element catalysts containing complex intermediates, multiple molecules or chemical elements. For widespread implementation, a simple catalyst material is desired, the identication of which remains a fundamental challenge in accessing low-temperature NH 3 synthesis.
Recent work by some of us 10 found that nitrogen incorporation into a thin lm made of a single lanthanide element can be achieved at ambient temperature and at pressures much lower than one atmosphere, typically 7 to 8 orders of magnitude smaller. This implies facile breaking of the N 2 bond, therefore the rst requirement for a low temperature NH 3 synthesis catalyst. Even more interesting is that the nitrogen incorporation into a samarium thin layer, forming samarium nitride, can be partially reversed by cycling vacuum and nitrogen conditions in the sample chamber. This demonstrates achievement of the second requirement for synthesis of NH 3 at ambient conditions, namely facile release of the dissociate N. In the present work, we combine both experimental results and computational treatments to show that a simple surface of lanthanide (L) metal oers promise as a NH 3 synthesis catalyst that operates at room temperature and under pressure much lower than one atmosphere.
Here we begin by reporting in situ monitoring of the room temperature reaction of single lanthanide surfaces with nitrogen under high vacuum, typically lower than 1 × 10 −7 atmospheric pressure. A cornerstone of the reaction is that it proceeds under mild conditions, low temperature and high vacuum, allowing continuous monitoring of the physicochemical processes taking place in real time by means of electrical conductivity measurements and electron diraction. In this regard it is important to note that the lanthanide nitrides (LN) form narrow-gap insulators (semiconductors) with a conductivity that contrasts by many orders of magnitude with the lanthanide (L).
11 Within that scenario the reacted LN portion of the lm contributes negligibly to the in-plane conductance in comparison with the remaining metal, so that to rst order a reacted layer of thickness δ reduces the conductance by the ratio of δ/D, for D and G 0 the initial lm thickness and conductance respectively. We extract the reacted thickness using
We follow the reaction by the in-plane conductance in the presence of both pure nitrogen and an atmosphere with trace levels of oxygen to demonstrate that residual oxygen slows the reaction. The pressure and dose dependence of the nitridation is studied using dierent N 2 pressures. We have further followed the conversion of the lanthanide surface into a nitride by Reection High Energy Electron Diraction (RHEED) during the reaction. The simple geometry has permitted the use of realistic computational modelling; incorporation of N 2 into the lanthanide surface is carried out using spin-polarised density functional theory with the Hubbard U correction (DFT+U). Finally, we show that experimental exposure of the lanthanide surfaces to both N 2 and hydrogen (H 2 ) results in the formation of NH 3 .
Experimental details
Very thin lms (<20 nm) of lanthanide elements were formed via electron-beam physical vapor deposition in ultra high vacuum chambers with base pressures of <1 × 10 −8 mbar.
The substrates were held at ambient temperature, in which case the lanthanides form with the hexagonal close-packed net lying in-plane; the c-axis of the metallic lanthanide was aligned along the lm normal. The lanthanide sources (praseodymium (Pr), gadolinium (Gd), terbium (Tb), dysprosium (Dy), ytterbium (Yb)) had purities of 3N/4N. One of the chambers is equipped with electrical feedthroughs permitting in situ measurement of the inplane electrical conductance during and after the deposition of a metal lm and a quadrupole mass spectrometer was available for analysing the gas composition. Molecular nitrogen (N 2 ) and hydrogen (H 2 ) were introduced through separate mass ow controllers to provide working pressures between 10 −6 mbar and 10 −4 mbar. All measurements were performed at room temperature without heating of the coated surfaces inside the chamber. A second chamber was equipped with a RHEED apparatus, a surface-sensitive technique probing only the topmost atomic layers, in order to monitor the lanthanidenitrogen reaction on epitaxial Gd thin lms.
Results

Conductance measurements
As a rst step we note that the N 2 reaction is retarded by a low concentration of oxygen (O 2 ). 20 nm thick layers of Tb and Gd were deposited onto a Al 2 O 3 substrate with in situ electrical contacts and the resistance across the lm measured during exposure to 2 × 10 −4 mbar of N 2 . Figure 1 shows the change in conductance of pure Tb and Gd thin lms exposed to pure N 2 and N 2 with a trace of O 2 , converted to the nitrided thickness in nm using Eq. 1.
An oxygen partial pressure of ∼1 × 10 −8 mbar, fully four orders of magnitude smaller than the N 2 pressure, is observed to limit the reaction with N 2 . The sequence (i) rapid drop, (ii) exposure. Yb does not react strongly with N 2 so no sharp drop in the conductance is observed when exposed to N 2 compared to the other lanthanides.
pause, followed by (iii) a resumption of the reaction, was seen also in earlier studies.
10 When nitridation is performed with no residual oxygen (detection limit<1 × 10 −10 mbar), a much stronger drop in conductance is observed in the rst tens of seconds after being exposed to N 2 . The nal drop in conductance with and without O 2 remains similar, corresponding to 2.5 nm and 3.0 nm for Tb and Gd, respectively, after 20 minutes. Figure 2 shows the nitridation of Pr, Dy, Tb and Gd thin lms as measured by a drop in conductance with no O 2 present. For comparison we show the absence of the reaction in Yb exposed to N 2 , which has been identied, with Eu, as not reacting with unactivated N 2 . 10,1214 The longterm evolution of the reacted depth seen in Figure 2 reects the diusion rate of N ions after they enter the lattice, which is clearly similar among the lanthanides. However, it is clear even at the poor resolution that there are diering initial rates, which reect their diering reaction rates at a pure lanthanide surface.
Pressure dependence
The pressure dependence of the nitridation of Gd and Dy was studied using N 2 pressures ranging from 6 × 10 −6 mbar to 1 × 10 −3 mbar After an exposure of 1000 L, the nitridation fraction ranges between 70-80% for Gd and 60-65% for Dy, with the slightly higher nitridation fractions occurring with the lowest N 2 pressures of 6.2 × 10 −6 mbar and 6.8 × 10 −6 mbar. This could suggest a crossover from the desorption of adsorbed nitrogen atoms being the rate limiting step to the cleavage of the NN bond in adsorbed N 2 being the rate limiting step. In addition these results suggest that
Gd reacts more quickly with nitrogen than Dy, although the structural/crystalline quality of the surface is expected to play a strong role in determining the reactivity. Figure 4a . On exposure to N 2 at ambient temperature and a pressure of 3 × 10 −5 mbar, the streak spacing is seen to increase, indicating a contraction of the surface Gd lattice spacing (Fig. 4c) . The inverse streak spacing as a function of time is shown in Figure 5 . The nal streak spacing after 5 min of N 2 exposure corresponds to a ∼ 3% smaller surface lattice spacing. This gives a nal GdN lattice parameter starting from the lattice parameter of Gd metal, a Gd = 3.636 Å as: in agreement with the reported range for GdN of (4.99 ± 0.02) Å in the literature. 16 Interestingly, the streaky RHEED pattern after N 2 exposure indicates an atomically smooth surface with a six-fold symmetry, as expected for a (1 1 1) GdN crystalline surface, 16 ,17 suggesting that the nitriditation results in an epitaxial GdN layer.
Computational modelling
The formation of LN surfaces from molecular N 2 requires breaking the N 2 bond. Therefore, in the present section, we have investigated the mechanism and energetics of N 2 dissociation on lanthanide surfaces using density functional theory plus the Hubbard U correction (DFT+U).
Close-packed surfaces of Nd, Sm, Eu and Yb are chosen as model lanthanide surfaces that have (Nd, Sm) and have not been (Eu and Yb) observed experimentally to easily react with N 2 to form LNs.
As a starting point, we assume the mechanism and active site is similar to that which has been well-characterised on transition metal (TM) surfaces. 1820 In the TM mechanism, the active site is a monatomic step on a close-packed surface. On this site, N 2 rst adsorbs end-on atop the step (Fig. 6a) , then, immediately prior to dissociation, adsorbs via both N atoms and 5 surface atoms (Fig. 6b) . This state will hereafter be referred to as a parallel adsorbed conguration and leads to a stable transition state for TMs.
21
In contrast to the TMs, the parallel adsorbed conguration of N 2 was unstable on all L surfaces considered. Instead, two alternative minima were found (Fig. 6c, d) , referred to hereafter as`twisted' and`perpendicular', respectively. In both of these binding congurations, rather than being adsorbed on the surface, the N 2 was partially absorbed into the surface.
The binding energies of these are given in Table 1 , with the strongest binding arising from a conguration in which the N 2 is twisted in the surface for all surfaces. A conguration in which the N 2 is adsorbed perpendicularly in the 4-fold site of the step feature shows approximately 0.3 eV to 0.5 eV weaker binding. These congurations are considerably dierent to that on the TMs, and thus it is unlikely that N 2 dissociation occurs via the same mechanism that has been well-established for the TMs. It should also be noted that adsorption of N 2 on at L surfaces was also trialled but it was found to adsorb considerably more weakly than on the step feature (see SM) showing that, as is often the case, defects likely play a key role. The lanthanides show considerable variation in the adsorption energy of N 2 , with Nd binding most strongly, followed by Sm, Eu then Yb. While being the strongest binding, it is unlikely that the twisted conguration could lead to a low energy pathway to dissociation of N 2 , as signicant rearrangement of the surface atoms would be required for this dissociation path. The perpendicular conguration, however, shows more promise. A systematic search for possible nal states for N 2 dissociation was therefore undertaken, considering N atoms both adsorbed and absorbed in the surface;
all minima are shown in the supporting information. Two minima common to all surfaces that show strong binding are shown in Figure7 and the adsorption energies in Table 2 .
These two minima show stronger binding and are intuitively accessible from the perpendicular adsorbed N 2 . Thus we postulate that there exists a possible path to dissociation of N 2 on the L surfaces, starting from the strong partial absorption of N 2 into the L surface, followed by dissociation to absorbed N atoms, oering a plausible rst step in the facile Adsorption energy (eV)
Lanthanide
Step-step
Step-terrace 22 For all lanthanides, the reaction energy is exergonic, which, based on the BEP relationships, will likely lead to a low transition state energy. This should be especially the case for Nd and Sm, which bind both N 2 and 2 N * signicantly stronger than Eu and Yb.
In summary, DFT+U calculations reveal that dissociation of N 2 on lanthanide surfaces likely proceeds via a dierent mechanism than N 2 dissociation on transition metals. Minimum which is the rst requirement of a low-temperature NH 3 synthesis catalyst. The second requirement, namely subsequent release of the nitrogen, and combination with hydrogen is investigated in the following sections.
Exposure to H 2 , Formation of NH 3
We have previously reported a partial recovery of the conductivity when the N 2 pressure was reduced, indicating a release of nitrogen from the near-surface layer; 10 indeed it is that observation which suggests the potential for lanthanide surface use as a NH 3 synthesis catalyst. We thus have investigated a catalytic reaction by monitoring the presence of NH 3 upon introduction of H 2 following the nitridation reaction. Gd surfaces were rstly exposed to N 2 as described above, and the vacuum in the chamber allowed to restore to <1 × 10 −8 mbar before introducing 3 × 10 −4 mbar of H 2 . Figure 8 shows the subsequent partial pressure of NH 3 as recorded by the quadrupole mass spectrometer. As the H 2 is introduced, an NH 3 partial pressure 4 × 10 −7 mbar is detected, dropping to 5 × 10 −8 mbar after 10 min, and nally to 1 × 10 −8 mbar after more than 30 minutes. Interestingly, the time scale for the reductions corresponds well to the times noted above for initial nitrogen reaction and the subsequent diusing in the GdN network. Clearly N chemisorbed to the Gd surface coating inside the deposition chamber is able to react with the impinging H 2 and be released into the vacuum chamber. In contrast, Yb exposed to N 2 shows a NH 3 partial pressure of only (∼10 −7 mbar) is detected when the nitrided Gd surface is exposed to H 2 .
2 × 10 −8 mbar, close to the baseline of detection via the mass spectrometer. The catalytic activity is seen in the gure to be missing following the same procedure with Yb, which is seen above and in Ref.
10 not to react with N 2 . It should be noted that the baseline detection of 1 × 10 −8 mbar of NH 3 is seen when N 2 and H 2 are simultaneously present in the chamber, possibly due to a reaction within the ionization chamber of the mass spectrometer. However this is still more than an order of magnitude lower than the ammonia level detected during the catalytic reaction with GdN. Furthermore, the catalytic reaction takes place over the entire coated surface inside the chamber, complicating quantitative analysis of the reaction characteristics from these measurements. We have also monitored the change in conductance and ammonia partial pressure of an as-deposited Gd surface on exposure to two cycles of 20 min N 2 (7 × 10 −5 mbar) and 10 min H 2 (3 × 10 −4 mbar) ( Fig. 9 ). The conductance drops sharply during N 2 exposure as previously observed, as well as a smaller conductance drop during H 2 exposure. The lower panel of Figure 9 shows the subsequent partial pressure of NH 3 as recorded by the quadrupole mass spectrometer, showing the reproducibility of the cycling process. Finally the catalytic activity of Gd under a simultaneous ow of N 2 and H 2 was explored (not shown). For N 2 and H 2 partial pressures of 5 × 10 −5 mbar and 2 × 10 −4 mbar respectively, an NH 3 partial pressure of 5 × 10 −8 mbar was observed over the course of an hour.
Conclusions
In this paper we have investigated the novel breaking of molecular nitrogen gas under mild conditions on a clean lanthanide surface and its catalytic utility to produce ammonia (NH 3 ) at ambient temperature. The conversion of the lanthanide metal surface to the insulating nitride is traced using in situ conductance and electron diraction measurements during exposure to unactivated N 2 gas. The ease of breaking N 2 is observed experimentally, discussed within the context of DFT+U calculations, and compared with the well-established pathway for transition metal surfaces, some of the prototypical catalysts for ammonia production. We nally show that the chemisorbed N is released from Gd/GdN surfaces exposed to H 2 , thus forming NH 3 at room temperature.
